Previous studies have shown that the gold compounds, gold sodium thiomalate (GST) and auranofin (AUR), which are effective in the treatment of rheumatoid arthritis, inhibit functional activities of a variety of cells, but the biochemical basis of their effect is unknown. In the current studies, human T cell proliferation and interleukin 2 production by Jurkat cells were inhibited by GST or AUR at pharmacologically relevant concentrations. Because it has been documented that protein kinase C (PKC) is involved in T cell activation, the capacity of gold compounds to inhibit PKC partially purified from Jurkat cells was assayed in vitro. GST was found to inhibit PKC in a dose-dependent manner, but AUR caused no significant inhibition of PKC at pharmacologically relevant concentrations. The inhibitory effect of GST on PKC was abolished by 2-mercaptoethanol. To investigate the effect of GST on the regulation of PKC in vivo, the levels of PKC activity in Jurkat cells were examined. Cytosolic PKC activity decreased slowly in a concentration-and time-dependent manner as a result of incubation of Jurkat cells with GST. To ascertain whether GST inhibited PKC translocation and down-regulation, PKC activities associated with the membrane and cystosolic fractions were evaluated after phorbol myristate acetate (PMA) stimulation of GST incubated Jurkat cells. Translocation of PKC was markedly inhibited by pretreatment of Jurkat cells with GST […] Abstract Address reprint requests to Dr. Lipsky,
Previous studies have shown that the gold compounds, gold sodium thiomalate (GST) and auranofin (AUR), which are effective in the treatment of rheumatoid arthritis, inhibit functional activities ofa variety ofcells, but the biochemical basis of their effect is unknown. In the current studies, human T cell proliferation and interleukin 2 production by Jurkat cells were inhibited by GST or AUR at pharmacologically relevant concentrations. Because it has been documented that protein kinase C (PKC) is involved in T cell activation, the capacity of gold compounds to inhibit PKC partially purified from Jurkat cells was assayed in vitro. GST was found to inhibit PKC in a dose-dependent manner, but AUR caused no significant inhibition of PKC at pharmacologically relevant concentrations. The inhibitory effect of GST on PKC was abolished by 2-mercaptoethanol. To investigate the effect of GST on the regulation of PKC in vivo, the levels of PKC activity in Jurkat cells were examined. Cytosolic PKC activity decreased slowly in a concentrationand time-dependent manner as a result of incubation of Jurkat cells with GST. To ascertain whether GST inhibited PKC translocation and down-regulation, PKC activities associated with the membrane and cytosolic fractions were evaluated after phorbol myristate acetate (PMA) stimulation of GST incubated Jurkat cells. Translocation of PKC was markedly inhibited by pretreatment ofJurkat cells with GST for 3 d, but the capacity of PMA to down-regulate PKC activity in Jurkat cells was not altered by GST preincubation. The functional impact of GST-mediated downregulation of PKC in Jurkat cells was examined by analyzing PMA-stimulated phosphorylation of CD3. Although GST preincubated Jurkat cells exhibited an increased density of CD3, PMA-stimulated phosphorylation of the y chain ofCD3 was markedly inhibited. Specificity for the inhibitory effect of GST on PKC was suggested by the finding that GST did not alter the mitogen-induced increases in inositol trisphosphate levels in Jurkat cells. Finally, the mechanism of the GST-induced inhibition of PKC was examined in detail, using purified PKC subspecies from rat brain. GST inhibited type II PKC more effectively than type III PKC, and also inhibited the enzymatic activity of the isolated catalytic fragment of PKC. The inhibitory effect ofGST on PKC activity Introduction Gold compounds have been employed as therapeutic agents for rheumatoid arthritis (RA)' for many years. The most commonly used drugs are water-soluble, parenterally administered salts of gold thiol complexes, such as gold sodium thiomalate (GST) and gold sodium thioglucose (ATG), and the orally active agent, auranofin (AUR) [(2,3,4,6-tetra-0-acetyl-I-thio-fl-D-glucopyranosato-S) (triethylphosphine) gold (I)]. A characteristic feature oftherapy with these drugs is a delayed onset of clinical effect, a decrease in acute phase reactants and, possibly, an ability to modify the course of the disease (1, 2) .
Based on various effects ofgold compounds in a number of different model systems, a number of mechanisms have been proposed to explain the mechanisms of action of gold compounds in RA, but none has been generally accepted as the mechanism by which gold compounds alter the course of RA. The possibility that gold compounds may suppress immune responsiveness was suggested by the clinical observations that immunoglobulin levels (3) and rheumatoid factor titers (4) often decrease in patients treated with gold compounds. In addition, gold therapy has been shown to cause a reduction in the number of circulating lymphocytes in patients with RA (5) . The capacity of gold compounds to suppress immune responses has been confirmed with in vitro studies. These drugs were found to inhibit antigenand mitogen-induced proliferation of human lymphocytes indirectly by inhibiting the accessory function of monocytes (6) . A variety of other functions of monocytes are also inhibited by gold compounds, including their capacity to produce superoxide anions (7) and complement components after activation (8) . In addition, gold compounds have been shown to inhibit the differentiation ofmonocytes into effector cells (9) . The effects of gold compounds are not uniquely directed to monocytes, however, in that inhibition of endothelial cell and lymphocyte proliferation has also been observed (10, 1 1). Gold compounds have also been observed to inhibit a variety of enzymatic and cellular processes, but many of these effects require concentrations of gold that are much greater than those achieved by in vivo administra-tion. Of importance, the biochemical basis for these various cellular effects has not been identified.
The following studies were undertaken to identify a biochemical basis for the various cellular effects of gold compounds. Because many of the cellular activities altered by gold compounds are associated with inositol phospholipid breakdown, protein kinase C (PKC) activation, and mobilization of internal Ca2" stores, it seemed reasonable that gold compounds might inhibit the generation or activity of one of these second messengers. Inasmuch as induction ofPKC activity is involved in many cellular activation event, the current studies explored the possibility that gold compounds might be active as a result of interference with the action ofthis critical enzyme. Previous reports have suggested that AUR might inhibit PKC activity isolated from platelets (12) or PKC-mediated cell responses of neutrophils (13) . However, there are a number of concerns about these studies, including the concentrations of AUR employed and the failure to use a specific substrate for PKC for analysis of enzymatic activity, that question the relevance and specificity of the findings. Moreover, in one of the previous studies, GST was not found to have a significant effect on PKC activity in vivo (13) , suggesting that the effects noted with AUR may not be characteristic ofall therapeutic gold compounds. In the light ofthese issues, the current studies sought to determine whether gold compounds interfere with the activity of PKC in vitro and in vivo. The results clearly show that modulation of PKC is a mechanism by which GST and gold compounds other than AUR may exert their immunosuppression and anti-inflammatory effects in patients with RA.
Methods
Chemical compounds. The following compounds were utilized: GST (Merck Sharp & Dohme, Rahway, NJ), gold sodium thioglucose (Sigma Chemical Co., St. Louis, MO) AUR (Smith Kline & French Laboratories, Philadelphia, PA), thiomalic acid (TMA; Merck Sharp & Dohme), and 2-mercaptoethanol (2-ME, Eastman Kodak Co., Rochester, NY).
Miscellaneous reagents. Several MAbs were used in these studies, including OKT8 (American Type Culture Collection [ATCC], Rockville, MD), an IgG2 MAb directed at the CD8 molecule on the suppressor/cytotoxic T cell subset; L243 (ATCC), an IgG2a MAb directed at monomorphic HLA-DR determinants (14) ; OKT3 (ATCC), an IgG2a MAb directed to the CD3 complex on mature T cells (15); 64.1, an IgG2a MAb directed to the CD3 complex on mature T cells (16) ; and W6/32, an IgG2a MAb directed at class I encoded gene products (17) . Recombinant IL-2 was obtained from Hoffmann-La Roche Inc., Newark, NJ. Homogeneous calpain 2 was prepared from rat kidney by the method of Yosimura et al. (18) . Calf thymus HI histone was prepared by the method of Oliver et al. (19) . Phosphatidyl serine (bovine brain) and diolein were purchased from Serdary Research Cellpreparation. The human T cell leukemia line Jurkat was maintained in RPMI medium supplemented with 10% FBS. Venous blood was obtained from healthy adult volunteers and peripheral blood mononuclear cells (PBMC) were obtained by centrifugation over sodium diatrizoate/ficoll gradients (Sigma Chemical Co.) (20) . PBMC were deleted of monocytes and natural killer (NK) cells by incubation with 5 mM L-leucine methyl ester HCI (Sigma Chemical Co.) in serumfree RPMI 1640 as described (21, 22) . Afterwashing twice, T cells were purified (23) by passing the cells that formed rosettes with neuraminidase-treated sheep red blood cells over a nylon wool column. HLA-DR-depleted CD4' T cells were purified by a panning technique (24) after reacting the T cell population with the MAb OKT8 and L243. Viability always exceeded 96%. Technique ofmitogen-induced CD4' T cell DNA synthesis. CD4' T cell cultures were carried out in 96-well round-bottomed microtiter plates, with each well containing 1 x I0O responding cells in 0.2 ml of culture medium. The cells were incubated for 72 h at 370C with OKT3
(1 Ag/ml) and PMA (10 ng/ml) as a mitogenic stimulus. 1 MCi [3H]thymidine (6.7 Ci/mM; New England Nuclear, Boston, MA) was added for the last 6 h. The cells were harvested onto glass fiber filter paper, and [3H]thymidine incorporation was determined by liquid scintillation spectroscopy.
IL-2 activity. Jurkat cells were cultured at a density of2 X I0O in 0.2 ml of culture medium in 96-well flat-bottomed microtiter plates for various time intervals at 370C with OKT3 (100 ng/ml) and PMA (10 ng/ml) as a mitogenic stimulus. The supernatants were harvested, and the IL-2 activity was assayed by using the IL-2-dependent mouse cell line CTLL-2 as described (25) . Partial purification of PKC from Jurkat cells. Jurkat cells (-1 X 107 cells) were suspended in 1 ml of 20 mM Tris-HCl (pH 7.5) containing 0.25 M sucrose, 1 mM EDTA, 1 mM EDTA, 1 mM PMSF, and 100 Mg/ml leupeptin. The cells were lyzed by sonication using three 15-s bursts, and centrifuged at 100,000 g for 30 min. The supernatant from this centrifugation was designated "cytoplasmic fraction." The pellet was resonicated in 1 ml of the same buffer containing 1% (vol/ vol) Triton X-100 and recentrifuged as above. The supernatant from this centrifugation was designated "particulate fraction." These crude fractions were separately applied to a l-ml DE-52 column equilibrated with 20 mM Tris-HCl (pH 7.5) containing 0.5 mM EDTA, 0.5 mM EGTA, and 10 mM 2-ME. After washing with two column volumes of the same buffer, PKC was eluted batchwise with three column volumes of the buffer containing 300 mM NaCl.
Immunofluorescence andflow cytometry. Jurkat cells (2-5 X I0s per sample) were stained with saturating concentrations of anti-CD3 (64.1), anti-class I MHC (W6/32), or control MAb (P1 17) and incubated at 0°C for 45 min. The cells were then washed in cold PBS containing 1% normal human serum and incubated with FITC-goat anti-mouse immunoglobulin for an additional 30-45 min. Cell-associated fluorescence was then analyzed by flow microfluorimetry.
Immunoprecipitation and detection of protein phosphorylation. Control and GST preincubated Jurkat cells were biosynthetically labeled with [32P]orthophosphoric acid. To accomplish this, cell samples were washed three times in 20 mM Tris-HCl, pH 7.5, containing 0.15 M NaCl and resuspended (40 X 106/ml) in phosphate-free RPMI medium. After 60 min, 60 X 106 cells were incubated with 1.0 mCi/mi of [32P]orthophosphoric acid in the same medium at 37°C for 60 min. The cells were then stimulated with PMA (3 ng/ml) at 37°C for 10 min. After PMA stimulation, the cells were washed and solubilized with a lysis solution containing 1% nonidet P40 in 20 mM Tris-HCl buffer, pH 7.5, 50 mM NaF, 1 mM EGTA, 1 mM Na vanadate, 20 mM p-nitrophenylphosphate, 100 ,g/ml PMSF, 10 g/mi leupeptin, 10 g/ ml aprotinin, and 10 mM iodoacetamide and were allowed to stand on ice for 10 min. After centrifuging to remove insoluble material, lysates were precleared with pansorbin (Calbiochem-Behring Corp., San Diego, CA) for I h at 4°C. Precleared lysates were precipitated with monoclonal antibody to CD3 or class I MHC, covalently coupled to protein A-agarose (Bethesda Research Laboratories, Gaithersburg, MD). The antibody-agarose complexes were incubated at 4°C with the detergent lysate for 60 min. The resins were then washed four times with the buffer as above but containing 0.2% nonidet P40 and 150 mM NaCl. The associated 32P-iabeled proteins were eluted from the beads by boiling for 5 min in Laemmli reducing buffer, and then analyzed by SDS-PAGE on a 15% gel run under reducing conditions. Purification ofPKC subspecies. PKC subspecies were purified from the soluble fraction of rat brain, and separated into three distinct fractions, type I, type II, and type III, by hydroxyapatite column chromatography as described (26) . The PKC preparations were pure on SDS-
PAGE.
Assay of PKC. Using a PKC enzyme assay system (Amersham Corp.), PKC was assayed with synthetic peptide as a phosphate acceptor in the presence of 0.67 mol% phosphatidylserine, 2 ,4g/ml PMA, and 0.1 mM Ca2' as described (26) . Dithiothreitol was not used. Control incubations were performed by replacing Ca2" with 0.5 mM EGTA and without addition of lipids.
To be assayed (26) .
Purification ofprotein kinase M and cyclicAMP-dependent protein kinase. When PKC was subjected to calpain, a catalytic fragment (protein kinase M, PKM) was produced that was not affected by Ca2 , phospholipid, or diacylglycerol (28) . After this fragment was produced, it was purified using a TSK gel DEAE-5PW column, and assayed with MBP414 as substrate in the presence of0.5 mM EGTA instead ofCa2 , phospholipid, and diacylglycerol. Cyclic AMP-dependent protein kinase A (PKA) was partially purified from rabbit skeletal muscle and was assayed as described (29) .
Determination ofinositol trisphosphate (IP3) production in Jurkat cells. Jurkat cells were incubated for 72 h in the presence or absence of GST at 20 ,g/ml. For the last 12 h, the cells were incubated in serumfree medium but still in the presence or absence ofGST. This was done to decrease the baseline level of IP3. The cells were then incubated for various lengths oftime at 37°C with PHA at 4 Mg/ml and 10 mM LiCl.
PHA was used as a stimulus in these studies because it induced larger increases in IP3 content than other stimuli. The incubation was terminated by the addition of ice-cold 15% TCA. Samples were then centrifuged at 12,000 g for 15 min at 4°C and the supernatants were extracted with water-saturated diethyl ether and pH was neutralized by the addition of sodium bicarbonate, pH 8.5. IP3 levels were then measured by competitive binding assay using a kit obtained from a commercial source (Amersham Corp.). 
Results
GST and A UR inhibit CD4' T cellproliferation. GST or AUR inhibited the proliferative responses of CD4' T cells induced by PMA and OKT3 in a dose-dependent manner as shown in Fig. 1 . The degree of suppression observed was dependent on the concentration of GST or AUR, with significant inhibition seen with 5 and 0.1 ug/ml, respectively. Incubation of CD4' T cells with these concentrations of drugs did not significantly affect their viability. To determine whether other gold compounds also inhibited CD4' T cells, we also examined the effect of ATG on CD4' T cell proliferation. Significant inhibition was observed at a concentration of 5 ug/ml (data not shown). By contrast, TMA, the ligand of GST, did not exert a significant inhibitory effect on CD4+ T cell proliferation at concentrations between 1 and 50 ,ug/ml (data not shown).
GST and AUR inhibit IL-2 production by Jurkat cells. Jurkat cells were activated with PMA and OKT3 in the presence or absence of gold compounds and the amount of IL-2 produced was measured. As the results demonstrate ( Fig. 2 A) , AUR inhibited IL-2 production by Jurkat cells. Compared with AUR, GST was much less potent in inhibiting IL-2 production ( Fig. 2 B) . In that previous reports have shown that prolonged incubation of cells with GST may be necessary for an inhibitory effect to become apparent (6) , Jurkat cells were incubated with GST for 72 h to determine whether this would inhibit their subsequent capacity to produce IL-2. As can be seen in Fig. 3 , a 72-h preincubation with GST markedly inhibited the capacity of Jurkat cells to produce IL-2 in response to PMA and OKT3. IL-2 production was inhibited in a concentration-dependent manner with significant inhibition observed with concentrations of GST as small as 10 jg/ml. These findings could not be explained by nonspecific toxic effects ofGST because each population manifested similar viability as assessed by trypan blue exclusion. Moreover, GST had no effect on the growth of Jurkat cells during the 72-h preincubation (data not shown).
Effect ofgold compounds on partially purified PKC. Direct evidence that gold compounds interfered with signal transduction at the level ofPKC was obtained by analyzing the effect of GST on the activity ofPKC partially purified from Jurkat cells. Results illustrated in Fig inhibited PKC in a dose-dependent manner, whereas TMA had no significant effect on PKC activity. By contrast to the action of GST, AUR exhibited only minimal effects on PKC activity (Fig. 4 B) . The inhibitory effect of GST on PKC activity was abolished by 2-ME at concentrations as low as 2.5 mM ( Fig. 5 ). Therefore, the inhibitory effect of GST on PKC activity may be related to an interaction with a sulfhydryl group on the PKC molecule. Effect of GST on the enzymatic activity of PKC in intact Jurkat cells. The next experiments were carried out to determine whether CST altered PKC activity in intact Jurkat cells. Initially the effect of GST preincubation on cytosolic PKC activity was examined and the results are shown in Fig. 6 . Cytosolic PKC activity in Jurkat cells decreased in a concentrationand time-dependent manner during the incubation with GST.
To ascertain whether GST also affected PMA-induced PKC translocation, PKC activity in the particulate and cytosolic fractions isolated from cells preincubated with GST was measured. After a 72-h preincubation with 20 jig/ml GST, the cells were washed extensively and treated with PMA. Fig. 7 shows the time course of translocation of PKC in Jurkat cells in response to 10 ng/ml PMA. At time 0 in control cells ( Fig. 7 A) , 90% of the PKC activity was found in the cytosolic fraction.
There was little or no change in the enzyme levels in the cytosolic and membrane fraction for the entire 2-h incubation time in the absence of PMA (data not shown). In the presence of PMA, however, PKC activity in the cytosolic fraction de- creased by 55% after 30 min. The rapid decrease in activity of PKC in the cytosol was associated with a significant increase in activity in the membrane fraction, which reached a peak within 30 min. During the 2-h incubation, total PKC activity in the cells did not change. PMA also caused translocation of the residual PKC activity in GST-preincubated Jurkat cells ( Fig. 7 B) . However, the initial velocity of translocation was decreased and the percentage of PKC translocated was less.
In contrast, PMA-induced down-regulation of PKC was not significantly affected by preincubation of Jurkat cells with GST. After a 72-h preincubation with GST, the cells were washed extensively and treated with PMA at 100 ng/ml. As can be seen in Fig. 8 , activation ofPKC with high concentrations of PMA altered the levels of total PKC activity in control Jurkat cells in a time-dependent manner. The decrease in the enzyme activity in GST-pretreated cells was comparable.
Inhibitory effect ofGST on phosphorylation ofthe y and 6 chains ofCD3. It has been reported that PMA can induce phosphorylation of the y and 5 subunit of the CD3 complex (30, 31) . The next experiments were therefore carried out to determine whether GST-mediated downregulation of PKC inhibited the phosphorylation of the CD3 complex. Initial experiments examined whether GST affected the cell surface expression ofCD3. To accomplish this, Jurkat cells were treated with GST at 20 ,ug/ml for 3 d and CD3 expression was monitored by indirect immunofluorescence using anti-CD3 mAb. The expression of CD3 by Jurkat cells was enhanced as a result of the incubation with GST ( Fig. 9 ). The enhancing effect of GST on CD3 expression was dependent on both the concentration of served with concentrations of GST as small as 10 gg/ml after a 24-h incubation (data not shown). By contrast, GST did not affect the expression of the class I MHC molecule ( Fig. 9 ). Despite the increased expression ofCD3, constitutive phosphorylation of both CD3y and CD36 were markedly diminished. Moreover, the increase in CD3'y phosphorylation noted with PMA stimulation was prevented by preincubation with GST ( Fig. 10 ). By contrast, GST preincubation had no effect on the constitutive phosphorylation ofclass I MHC molecules. These results are consistent with the conclusion that GST preincubation inhibited the functional consequences of PKC activation in that PMA-induced phosphorylation of the y chain of CD3 was prevented.
Inhibitory effect ofGST on PKC subspecies. To investigate the effect of GST on PKC in greater detail, purified PKC from rat brain was utilized. Results illustrated in Fig. 11 demonstrate that GST inhibited both type II and type III PKC subspecies in a dose-dependent manner. The concentrations of GST that produced 50% inhibition of types II and III PKC were estimated to be 3 and 10 ,g/ml, respectively. TMA did not have a significant effect on PKC activity in the range of concentrations in which GST inhibited significantly.
Consistent with previous observations, limited proteolysis oftypes II and III PKC by calpain yielded two major fragments, a regulatory and a protein kinase fragment (PKM). The latter was fully active without added Ca2+, phospholipid, and diacylglycerol (26) . As can be seen in Fig. 12 , PKMs purified from both types II and III PKC were directly inhibited by GST. These results suggest that GST can directly interact with the protein kinase domain of PKC and inhibit its activity. In addition, these data indicate that GST did not interfere with phospholipid stimulation since PKM activity was assayed in the absence of phospholipid. To exclude the possibility that GST interacted with the substrate and not the enzyme, a variety of other substrates were utilized. Using H 1 histone or protamine as a substrate, GST inhibited PKC-mediated phosphorylation (Fig. 13 ). Finally, specificity ofthe effect ofGST was examined by determining its action on other protein kinases. Modest inhibition of cAMP-dependent protein kinase (PKA) was also observed with 20 jig/ml GST (Fig. 12 ), suggesting that the inhibition was not completely specific for PKC.
Effect ofGSTon mitogen-inducedIP3 production. To examine whether GST has selective effects on PKC activity or whether it also inhibits other enzymes involved in the phosphatidyl inositol signaling pathway, the effect of GST preincuba-1) tion on the levels of IP3 produced in Jurkat cells stimulated with PHA was measured. As can be seen in Table I , PHA induced comparable levels of IP3 in GST-preincubated and control Jurkat cells. More detailed kinetic analysis indicated that GST preincubation had no effect on the production ofIP3 after mitogen stimulation (data not shown). These results are consistent with the conclusion that GST predominantly inhibits PKC activity and not the production of 1P3.
Discussion
Several pharmacological agents have been used in an attempt to treat RA. Because the cause ofthe disease is unknown, therapy has largely been directed at suppressing the inflammatory process, with the aim ofdiminishing symptoms and preventing damage to articular structures. One group of agents that has been shown to be effective in the treatment of RA is the gold compounds. Despite documentation of clinical efficacy, there is no adequate explanation for the mechanism ofaction ofgold compounds in RA. The studies reported in this communication were carried out to determine a biochemical basis for the action of gold compounds in RA. Because CD4' T cells are felt to play a critical role in the pathogenesis of this disease (32) (33) (34) (35) (36) (37) , initial experiments were designed to examine the effect of gold compounds on the function of these cells. The data demonstrate that GST inhibits mitogen-induced DNA synthesis of CD4' T Log Fluorescenc cells in a dose-dependent manner. TMA, in contrast, did not significantly affect CD4+ T cell proliferation, indicating that the inhibitory effects depend on the gold moiety itself and not on the TMA residue. This conclusion is also supported by the observation that similar inhibition ofCD4+ T cell DNA synthe- GST ( gglml ) Figure 11 . Effect of GST and TMA on activity of type II or type III PKC. PKC was purified from rat brain and assayed as described in Methods. PKC activity in the presence of GST (-) or in the presence of TMA (o) is shown. (A) Type II PKC; (B) type III PKC. PKC activity without GST or TMA was taken as control (100% value).
pounds. It is generally accepted that serum gold levels attained in GST-treated patients tend to be in the range of 2-5 /Ag/ml (38) (39) (40) (41) (42) (43) , which is equivalent to the gold in 4-10 tg/ml GST. It has also been reported that the blood concentration range of AUR gold is 0.3-1.0 ,ug/ml (44) . The levels ofgold in the synovial tissue of patients treated with parenteral gold are much higher, i.e., 21-25 ,g/g of tissue, wet wt (45, 46) , equivalent to 42-50 ug/ml GST. Therefore, concentrations of GST and AUR, observed to suppress the proliferation ofCD4' T cells in the studies reported here, are easily attainable in the serum and synovium of treated patients. Earlier reports from our laboratory showed that GST depressed the accessory function of monocytes, but appeared to have minimal inhibitory effects on the potential responsiveness of the T lymphocytes (6) . The present study shows clearly that GST also can directly inhibit T lymphocyte function. The previous studies utilized mitogenic stimuli that required participation of accessory cells for T cell activation and proliferation and, therefore, could not directly analyze the effect of GST on T cell activation. The current studies employed the mitogenic combination ofan anti-CD3 MAb and PMA that can activate T cells in the complete absence ofaccessory cells, so that direct effects on T cell function could be analyzed. show that gold compounds including GST, ATG, and AUR inhibit T cell proliferation and IL-2 production. Although previous studies have suggested that gold compounds might inhibit the function of T cells (1 1), this was not analyzed in a system in which an action of accessory cells might not have contributed to the effect noted. The current data clearly indicate that the immunosuppressive effects of GST are, therefore, broader than previously appreciated with inhibitory effects on the function of both T cells and mononuclear phagocytes. In order to explore the mechanism of action of gold compounds in greater detail, Jurkat cells were employed. Jurkat cells resemble resting T cells in their activation requirements (47, 48) and, therefore, are a useful model to probe the putative mechanisms ofaction ofgold compounds. As was observed for T cell proliferation, AUR inhibited IL-2 production by Jurkat cells at very low concentrations and without preincubation, presumably because ofthe lipophilicity conveyed by the triethylphosphine group (49) . By contrast, preincubation of Jurkat cells with GST was required before inhibition of IL-2 production became apparent. This may relate to the slow entry ofGST into cells presumably because of its hydrophilic nature and tendency to bind free sulfhydryl groups (49) . After a 3-d incubation with pharmacologically attainable concentrations of GST, however, Jurkat cells were significantly inhibited in their ability to secrete IL-2. The results obtained with Jurkat cells confirm that gold compounds exert a direct suppressive effect on T cell function. Ca2", respectively (50, 51) . Therefore, it seemed reasonable to suggest that gold compounds might interfere with second messenger generation and thereby inhibit T cell responsiveness. Because gold compounds inhibited T cell responses that were co-stimulated with PMA to activate PKC directly, it seems more likely that gold compounds might interfere directly with the activity of PKC rather than with the production of second messengers. The experiments reported herein examined that possibility. The results indicated that GST inhibits PKC directly. GST not only directly inhibited the function of PKC in vitro, but also diminished PKC activity in vivo and inhibited PKC-mediated phosphorylation of the y chain of CD3. The latter finding is ofparticular importance in that it demonstrates that GST can inhibit a functionally relevant PKC-dependent event in T cell activation and is consistent with the conclusion that the principal effect ofGST on T cell activation results from inhibition of PKC. It was also of interest that GST increased expression of CD3 by Jurkat cells. Activators of PKC are known to decrease CD3 expression (30) . It is therefore possible that the increased expression ofCD3 resulting from GST preincubation may have also resulted from inhibition of PKC. The constitutive phosphorylation of CD3'y was also inhibited by GST preincubation, suggesting that this effect might also be mediated by PKC. Finally, the data establish that GST has selective effects on PKC-mediated signal generation in vivo. The incubation of Jurkat cells with GST did not affect the phosphorylation of class I MHC molecules and had no significant effect on mitogen-induced IP3 production.
Somewhat unexpectedly, AUR did not inhibit PKC although it did suppress T cell proliferation and IL-2 production. These results appear to conflict with those ofParente et al. (13) and Froscio et al. (12) , who previously reported that AUR inhibited PKC activity in vitro and in vivo in polymorphonuclear leukocytes (PMN). This discrepancy is difficult to understand, but may relate to various features of the systems examined. Both of the aforementioned studies analyzed the in vitro effect ofAUR on PKC activity partially purified from platelets. The characteristics of PKC subspecies in platelets are quite different from PKC subspecies in other cells (52) and may explain the disparate results. The studies also utilized type IIl-S histone as substrate to measure PKC activity. This substrate does not appear to provide a specific measure of PKC activity in crude fractions, because other kinases, such as cyclic AMPdependent protein kinase or cyclic GMP-dependent protein kinase, can phosphorylate this histone (53) . Moreover, basic proteins such as this substrate are known to enhance casein kinase-catalyzed phosphorylation ofother proteins (53) . Thus, the use ofthis substrate may have affected the results. It is also possible that there are differences in the sensitivities of PKC from different cells to inhibition by gold compounds. Although type III-S histone was used as a substrate, it remains possible that the PKC expressed by PMN or platelets is more sensitive to the action ofAUR than the PKC found in T cells. Regardless of the explanation for the discrepancy, the current results clearly indicate that AUR at concentrations, as large as 20 ,ug/ ml (29.5 gM) had minimal effect on T cell PKC activity.
One question not answered by the present studies was the mechanism by which AUR might inhibit T cell function but not the action of PKC. Because ofthe triethylphosphine group, AUR has a number of properties not shared by other gold compounds (54) (55) (56) (57) . It is a highly lipophilic compound that exerts inhibitory effects on a number of cell types not usually affected by other gold compounds. One of these appears to be the capacity to inhibit T cell function but not T cell PKC activity.
The results of the current studies clearly indicate that GST inhibits T cell PKC activity directly. The explanation for the inability of previous investigators to detect this inhibition (13) is unclear, but may relate to some of the same considerations discussed above. Additional analysis was carried out to determine the mechanism by which GST inhibited PKC. A characteristic ofgold compounds is their ability to bind to sulfhydryls on various cellular proteins. Because both the regulatory, and the catalytic domains of PKC contain thiols (58) , it seemed likely that the action of GST might relate to gold binding to these sulfhydryl groups. The finding that 2-ME reversed the inhibitory action of GST on PKC supports this contention. The observation that AUR is not a potent thiol reagent in aqueous medium (55) may explain its inability to inhibit PKC in the current studies.
To understand the action ofGST on PKC in greater detail, purified PKC subspecies were prepared and analyzed. PKC is known to be a family ofmultiple subspecies with closely related structures. PKC from rat brain can be resolved into three subfractions, types 1, 11, and III, upon hydroxyapatite column chromatography. Type III PKC is present ubiquitously in tissues and cell types so far examined, whereas type II PKC is found in varying amounts in most tissues and cell types with distinct regional expression and intracellular localization (50). In contrast, type I PKC is expressed only in the central nervous system. Such tissueand cell-specific expression of PKC subspecies suggests that each member of the enzyme family has a different function in cellular responses to external stimuli. Human T cells and Jurkat cells express type II and type III PKC (59, 60) . We, therefore, examined the inhibitory effect ofGST on types II and III PKC subspecies, by using a synthetic peptide, MBP4.14, which is a specific substrate for these enzymes (27) . Using MBP4 14 as substrate, both types II and III PKC subspecies were inhibited by GST in a concentration-dependent manner, with type II PKC somewhat more sensitive to the inhibitory effects ofGST. This suggests the possibility that GST may have a greater inhibitory effect on functional activities mediated by this specific PKC pathway.
To analyze the effect ofGST on PKC more completely, the catalytic domain of the molecule, PKM, was purified from both types II and III PKC. Both of these catalytic domains were directly inhibited by GST. It is likely, therefore, that GST directly inhibits the catalytic activity ofPKC by interacting with thiol groups of the catalytic fragment. In that GST also inhibited PMA-induced translocation ofPKC in intact cells, an activity that involves the regulatory domain (58) , it is likely that GST can also inhibit the function of this fragment of PKC, presumably by binding its sulthydryl group.
It should be noted that the action of GST was not completely specific for PKC. Thus, GST also caused some modest inhibition of cyclic AMP-dependent protein kinase (PKA). It has previously been shown that modification of one sulfhydryl group in the catalytic subunit ofPKA brings about inactivation of this enzyme (61) . GST may therefore interact with this thiol group and inhibit PKA. Although the magnitude ofthe inhibitory effect on PKA was not as great as on PKC, these data show that GST is not a specific inhibitor ofPKC, but rather may alter a number of cellular kinases that may play a role in regulating immune responses.
Different substrates, including protamine and H 1 histone, which can be used for the assay of PKC, were also used to test whether GST might act on the substrate rather than the kinase. Although quantitative differences were observed, GST inhibited phosphorylation ofprotamine and Hl histone substrate by PKC. Many known inhibitors of PKC such as chloropromazine (62) appear to compete with phospholipids and not to be direct inhibitors of the enzyme. However, the inhibition of PKC caused by GST was not reversed by increasing concentrations of phosphatidylserine (data not shown). Moreover, GST also inhibited PKM activity in the absence of phospholipid. These results indicate that GST directly inhibited the catalytic center of PKC and did not compete for the substrate or cofactors.
In summary, GST inhibited PKC in vitro and in vivo in T cells probably by interacting with thiol groups in the catalytic domain and possibly the regulatory domain of PKC. In contrast, AUR did not inhibit PKC. The interaction of GST and PKC and the inhibition of the catalytic activity of PKC in T cells may be responsible or co-responsible for the therapeutic antirheumatic action of this drug. Whether GST also inhibits PKC activity in other inflammatory cells that may contribute to its anti-inflammatory effects remains to be documented, but seems likely.
